Terahertz time domain spectroscopy has been used to study low frequency confined acoustic phonons of silver nanoparticles embedded in poly (vinyl alcohol) 
I. INTORDUCTION
Confined acoustic phonons in nanoparticles are fingerprints of their shape and size. The frequencies of these phonon modes are proportional to longitudinal/transverse sound velocity in the material and inversely proportional to the size of the nanoparticles. These modes have been studied extensively by low frequency Raman spectroscopy [1] [2] [3] [4] [5] [6] [7] and ultrafast laser pump-probe spectroscopy [8] [9] [10] [11] [12] . Lowest order spheroidal radial and quadrupolar modes [1] [2] [3] 5, 6, 8] as well as their higher orders [4, 5, 11] have been observed for spherical nanoparticles. Though low frequency Raman scattering is used to study the modes with frequency down to 30 cm -1 , the peak positions and linewidths of very low frequency modes (below 30 cm -1 ) are very difficult to measure accurately due to the high background from Rayleigh scattering. In a recent study [13] , far infrared absorption spectroscopy was used to characterize titanium oxide nanoparticles by observing the spheroidal dipolar acoustic modes, the only study, to best of our knowledge, on experimental observation of infrared active vibrational modes in nanoparticles. Alternately, terahertz (THz) spectroscopy using picosecond and sub-picosecond terahertz pulses has found widespread applicability in recent years, particularly in spectroscopy of solid state materials [14] [15] [16] [17] [18] [19] [20] and biological systems [21] [22] [23] , in the spectral range of 0.1-10 THz. Other than the nondestructive characterization of materials, THz time domain spectroscopy (THz-TDS) offers the contactless measurement of electrical conductivity [14] . The foremost advantage of THz spectroscopy is the simultaneous measurement of absorption and refraction and hence the complete optical and electrical characteristics without invoking the Kramers-Kronig analysis.
In this paper, we report on the observation of two confined acoustic phonon modes with frequency ~ 0.60 THz and ~ 2.12 THz in silver nanoparticles of average diameter ~ 3.7 nm embedded in poly(vinyl alcohol) (PVA) matrix by using THz-TDS. These observed frequencies are compared with the estimated frequencies of the spheroidal and the toroidal vibrational modes of a free elastic sphere in the Lamb's model [24] [25] [26] . The experimentally measured real and imaginary parts of the dielectric function of the nanoparticles-doped film show another resonance band centered at ~ 1.11 THz, which is attributed to the longitudinal acoustic mode (LAM) of vibrations associated with the straight segments of the long polymeric chains in the film [27] .
II. EXPERIMENTAL
The polymer embedded silver nanoparticle film (Ag-PVA) was cast from the mixture of aqueous solutions of PVA and high purity silver nitrate (AgNO 3 ) (both purchased from Aldrich chemicals). Solution of PVA was obtained by adding 3 gm of granular PVA in 30 ml of deionized water followed by continuous heating at 90 0 C and stirring for one hour. 5 mg of at the ends [28, 29] . The intense broad band at ~ 420 nm for the Ag-PVA film is associated with the surface plasmon of the silver nanoparticles. The peak position of the surface plasmon absorption band of spherical metal nanoparticles is known to be only weakly size-dependent [30] [31] [32] and within the framework of free electron model, the size is inversely proportional to the spectral width of the surface plasmon peak [31] .
In the THz-TDS we have used photoconductive emitter and detector (EKSPLA), both driven by 100 fs laser pulses with central wavelength at 800 nm from a 76 MHz Ti:sapphire laser. The set-up generates THz radiation in the spectral bandwidth of 0.1 to 2.5 THz with good signal to noise ratio of ~ 10 3 at 0.8 THz.
III. RESULTS AND DISCUSSION
The time domain electric fields, E s (t) and E r (t), associated with the THz pulse, recorded with and without the film are shown in Fig. 2 (a). Fast Fourier transform gives direct access to the amplitude and phase at different spectral components of the THz pulse. Therefore, from THz-TDS, the frequency dependent absorption and refraction coefficients are obtained simultaneously without invoking Kramers-Kronig analysis. The spectral transmission coefficient, T(ω) of the film is the ratio between the complex spectral fields, E s (ω) (with the film) and E r (ω) (without the
where A(ω) is the amplitude and φ(ω) is the phase of the transmission coefficient. The spectral transmission coefficient of an optically thin film can be written as [33] , ) (
Here ω k /2π is the resonance frequency, Γ k /2π is the spectral width, F k is the oscillator strength, of vibrations localized on the straight chain segments of the long polymeric molecules in PVA [27] . The other two resonance bands centered at ~ 0.6 THz and ~ 2.12 THz are attributed to the confined acoustic phonons in silver nanoparticles as discussed below. We note that the large spectral width of ~ 0.4 THz of these observed phonon modes could possibly be due to the large size distribution of the nanoparticles.
A. Confined acoustic phonons in silver nanoparticles
The vibrational motion of a homogeneous elastic sphere with free surface has been theoretically studied by Lamb [24] , Nishiguchi et al. [25] and Tamura et al. [26] . Two sets of are infrared active [1, 34, 35] . On the other hand, for the toroidal modes, Duval et al. [34, 35] argue that there are no Raman active modes (both for even and odd l), whereas Fujii et al. [1] predict that modes with odd l can be Raman active.
The lowest order (m = 0) and a few higher order (m ≥ 1) Raman active, spheroidal radial (l = 0) and quadrupolar (l = 2) modes have been routinely observed either by Raman spectroscopy [1] [2] [3] [4] [5] [6] [7] or by ultrafast laser pump-probe spectroscopy [8] [9] [10] [11] [12] . On the other hand, only very few studies are available on experimental observation of the infrared active modes. The only observation we know of, is that of Murray et al. [13] nm was attributed to the m = 1 mode. It is important to note that the l th vibrational mode is (2l+1)-fold degenerate for a spherical nanoparticle which gets lifted for an elliptical particle [4, 35, 39] and hence can contribute to the spectral width of the observed modes. Some times, it is possible that a higher order mode is observable experimentally whereas the lower order is absent.
For example, the surface modes (m = 0) are suppressed for particles embedded in a host matrix [4, 26] and the spheroidal modes which do not change the aspect ratio are expected to be less coupled to the radiation [4, 39] . We may note that the continuum assumption in Lamb's theory for a homogeneous elastic particle may not hold exact for smaller particles [3] . Second, in Lamb's theory, the frequencies have been derived for a free sphere with stress free boundary conditions. Tamura et al. [26] observed that the mode frequencies are shifted upward when the host matrix effect is taken into account. More recently, calculations by Murray et al. [40] using various models for silver nanoparticles embedded in a glass matrix also showed that the mode frequencies blue-shift up-to ~ 10% as compared to those obtained using a free sphere model. Our present experimental observation of vibrational modes of silver nanoparticles at frequencies of ~ 0.6 THz and ~ 2.12 THz have a broad spectral width of ~ 0.4 THz due to the broad particle size distribution and hence free sphere model can suffice. Theoretical investigation of the Raman and infrared activity along with the comparative study of absorption and scattering cross-section of various possible modes is needed for quantitative understanding of the observed modes.
IV. CONCLUSIONS
In summary, we have studied the terahertz frequency response of silver nanoparticles embedded in a PVA matrix. For the first time, we have observed the confined acoustic phonons in silver nanoparticles by measuring the real and imaginary parts of the dielectric function of the nanoparticle-doped polymer film using THz-TDS. The observed phonons with frequency 0.6 and 2.12 THz are attributed to the spheroidal and toroidal vibrational modes. The LAM associated with the crystalline lamellae in PVA has been observed at frequency 1.11 THz. Our experiments demonstrate the use of THz-TDS as complementary technique to Raman scattering to characterize the nanoparticles. We note that the phonons observed in the THz-TDS are the equilibrium phonons of the system. The next step will be to study the time evolution of these modes of nanoparticles once created coherently in the ISRS by using an optical-pump. The THz absorption spectrum of the nanoparticles is measured with and without the pump as a function of time-delay between the optical-pump pulse and the THz-probe pulse in an optical-pump THzprobe experiment. It is possible that in the THz spectrum new modes can appear due to the pump excitation induced infrared activity of certain modes. (S), l = 1 and toroidal (T), l = 2 acoustic modes for a silver nanoparticle with diameter 3.7 nm.
The calculations are followed from Refs. [24] [25] [26] . 
